Animals often use sex pheromones for mate choice and reproduction. As for other signals, the genetic control of the emission and perception of sex pheromones must be tightly coadapted, and yet we still have no worked-out example of how these two aspects interact. Most models suggest that emission and perception rely on separate genetic control. We have identified a Drosophila melanogaster gene, desat1, that is involved in both the emission and the perception of sex pheromones. To explore the mechanism whereby these two aspects of communication interact, we investigated the relationship between the molecular structure, tissue-specific expression, and pheromonal phenotypes of desat1. We characterized the five desat1 transcripts-all of which yielded the same desaturase protein-and constructed transgenes with the different desat1 putative regulatory regions. Each region was used to target reporter transgenes with either (i) the fluorescent GFP marker to reveal desat1 tissue expression, or (ii) the desat1 RNAi sequence to determine the effects of genetic down-regulation on pheromonal phenotypes. We found that desat1 is expressed in a variety of neural and nonneural tissues, most of which are involved in reproductive functions. Our results suggest that distinct desat1 putative regulatory regions independently drive the expression in nonneural and in neural cells, such that the emission and perception of sex pheromones are precisely coordinated in this species.
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sensory communication | pleiotropy | hydrocarbon | oenocyte T he evolution and maintenance of sensory communication in animals is a fundamental biological problem. The genetic control of the signal and its reception must be tightly coadapted, especially in interindividual sexual communication to ensure sexual isolation (1) (2) (3) . However, the basic genetic architecture of prezygotic sexual isolation remains largely unexplored in most natural populations (4, 5) , and there is very little empirical evidence for tight genetic linkage between the emission and reception of a sensory signal (6) (7) (8) (9) . Theoritical prediction and experimental studies assume that the "emission/reception coupling" depends on the inheritance of separate genes found on the same or on different chromosomes and linked with a high probability (linkage desequilibrium (10) (11) (12) (13) (14) , whereas the "single-gene" hypothesis seems very unlikely (4), as the tissues involved in the emission and perception of sensory signals are usually different (15) .
Like in many animals, Drosophila melanogaster flies use sex pheromones to detect potential mates and reproduce (16, 17) . Most of these pheromones include fatty acid-derived hydrocarbons present on the fly cuticle (cuticular hydrocarbons, CHs), which are thought to be mostly perceived by contact with the taste hairs covering the tarsi and proboscis (18, 19) . In D. melanogaster, CHs differ between the sexes, both for their occurrence and for their behavioral effect on male courtship. The predominant CHs of wild-type females tend to increase male intraspecific courtship and mating [7,11 dienes (20-22) ], whereas the male principal CH reduces male-male courtship [7-tricosene (7-T) (23, 24) ]. Female and male CHs share a double-bond on carbon 7, which depends on desat1, a gene coding multiple transcripts, all giving rise to a single desaturase enzyme (25, 26) .
We found a transposable PGal4 element inserted in the regulatory region of desat1 that drastically altered the production and the perception of sex pheromones in D. melanogaster flies (26, 27) . The defects induced in the two phenotypes could be dissociated following unprecise deletion of the P-Gal4 sequence (27) and RNA deregulation induced by EP-elements inserted in various putative regulatory regions (9, 28) . Because the alteration in the two phenotypes was not always coincidental, this finding suggests that the desat1 gene has pleiotropic-separateeffects on pheromonal communication. As very few single genes have been reported to control both the emission and reception of sensory signals [ (7); see also the discussion in refs. 5 and 13], we aim at understanding how a single gene can be involved in such different aspects of pheromonal communication. We characterized the molecular structure of desat1 and its five transcripts and used the five putative regulatory regions-each one corresponding to a different transcript-to build driver transgenes. These drivers were used to target: (i) GFP, to visualize the pattern of tissue expression in male and female flies, and (ii) desat1-RNAi, to measure the consequence of desat1 down-regulation on pheromone production and perception.
Results
We aimed to find a relationship among the molecular structure, the tissue expression, and the two principal pheromonal phenotypes (production/discrimination) of desat1.
Molecular Characterization and Dissection of desat1. We characterized the structure of desat1 gene in the Canton-S (Cs) wild-type strain and isolated five transcripts, which only diverged for their first noncoding exon (successively: RA, RC, RE, RB, RD) ( Fig. 1A and Tables S1 and S2). The transcription initiation and splicing sites of the first alternative exon for the RE transcript were very different from the sites initially predicted (http://flybase.org/), as they are located at 294-bp and 305-bp downstream, respectively. The other transcripts showed a gap of several nucleotides for their transcription initiation starting site (13-bp and 9-bp upstream for RC and RD transcripts) and for their splicing site (25-bp upstream for RB and 11-bp downstream for RD) compared with those predicted by the genome project. Only the RA transcript perfectly matched the prediction. Except for the first exon, all transcripts included the identical downstream exons (2-5) and the same splicing sites, resulting in an identical coding sequence translated into a Δ9 desaturase enzyme. Transcripts showed no sex difference.
Because all transcripts encode the same unique product, we postulated that the "pheromone production" and "pheromone discrimination" phenotypes associated with desat1 depend on the distinct tissular expression of transcripts. To study the tissue expression corresponding to each transcript, we built transgenic lines with the different desat1 putative regulatory regions (PRR) (Fig. 1B and Table S3 ). These lines contained the sequence of each putative regulatory region plus the first alternative exon fused either to the GFP or to the Gal4 sequence [single-exon transgenes: PRR(RA) to PRR(RD)-GFP or -Gal4]. Other transgenes were made with the complete region [PRR(-6908)] or with shorter regions-resulting from the progressive deletion of the most distal regions-down to the minimal one: PRR(-660).
Expression of desat1 in the Abdomen. First, we used the single-exon PRR(desat1)-GFP transgenes to visualize the tissue expression driven by each putative regulatory region. These trangenic drivers induced nonoverlapping expression in the fly abdomen ( Fig. 2 ; see also the matrix of expression, Table S4 ). More specifically, PRR(RA)-GFP and PRR(RD)-GFP drove expression in sexually dimorphic tissues: PRR(RA)-GFP targeted testis and ovaries (with an strong signal in the germinarium), whereas PRR(RD)-GFP targeted a vaginal moon-shaped structure and the male , and (ii) with the putative regulatory region either complete PRR(-6908) or deleted of the most distal regions down to the minimal regulatory region PRR(-660). These PRR sequences were fused to a reporter sequence corresponding either to the GFP sequence to visualize desat1 expression or to the Gal4 sequence to target UAS transgenes. ejaculatory bulb (EjB). PRR(RE)-GFP induced a strong expression in the dorsal and ventral oenocytes and a weaker expression in the accessory glands. PRR (RC)-GFP targeted the fat body (FB), whereas PRR(RB)-GFP was expressed in the rectal papilla, the Malpighi tubules, and the midgut. Overall, we found the GFP expression targeted by single-exon PRR to be coherent with that driven by longer PRR-GFP transgenes (Table S4) .
Expression of desat1 in the Head. Using the complete set of transgenes, we detected a prominent GFP expression in the third antennal segment and in the brain. The complete desat1 regulatory region, PRR(-6908)-GFP, induced a strong antennal expression in large epidermal cells, trichoid sensilla, and large basiconic sensilla (Fig. 3A and Table S4 ). The expression in large epidermal cells was exclusively targeted by the PRR(RC)-GFP transgene, whereas the signal in the trichoid and large basiconic sensilla was targeted by PRR(-1102)-GFP [but by neither PRR (RD)-GFP nor PRR(-660)-GFP drivers].
Three PRR-GFP transgenes induced a partly overlapping expression in the brain (Fig. 3B and Table S4 ). PRR(RA)-GFP targeted the pars intercerebralis (PI; rich in neurosecretory neurons), the ellipsoid body (EB; a part of the central complex), clustered cells in the lateral region of the antennal lobes (ALs), and scattered cells in the suboesophageal ganglia (SOG) and in the optic lobes (OLs). The brain expression pattern driven by PRR(RD)-Gal4 and PRR(-1102)-Gal4 showed some similarities and differences. Both drivers targeted clustered AL cells, with a somewhat similar or overlapping pattern to that targeted by PRR(RA)-Gal4. Moreover, PRR(-1102)-Gal4 induced a strong expression in the PI, SOG, and scattered cells of the central brain and OLs. The two latter PRR(desat1)-Gal4 drivers also induced a faint expression in the mushroom bodies (MBs).
Targeting desat1 RNAi to Induce Specific Pheromonal Defects. To establish a structure-function relationship between the tissues targeted by each putative regulatory region and its effect on pheromonal phenotypes, each PRR(desat1)-Gal4 driver was combined with a UAS-desat1 RNAi transgene. The effect of desat1 downregulation was measured on sex pheromone production and on sex pheromone discrimination in PRR(desat1)-Gal4 > UAS-desat1 RNAi transgenic males. To check the efficiency of desat1 RNAi, we measured the Desat1 protein level in PRR(RC)-Gal4> UAS-desat1 RNAi using both histology and immunoblotting methods (Fig. S1) .
We first assessed the desat1 RNAi effect on the production of CHs and compared the ratio for the total percentage of desaturated and saturated linear CHs in transgenic males (Desat and Sat, respectively) (Fig. 4A) . Compared with wild-type Cs males where the Desat/Sat ratio was strongly biased in favor of Desat CHs (4.12), PRR(RE)-Gal4 > UAS-desat1 RNAi males showed a dramatically altered ratio biased in favor of Sat CHs (0.13). Moreover, and compared with control flies, the ratio was decreased in PRR(RA)-, and PRR(RC)-Gal4 > UAS-desat1 RNAi males and, to a lesser extent, in PRR(RB)-Gal4 > UAS-desat1 RNAi males [one-way ANOVA with Tukey-Kramer honestly significant difference (HSD): F(6,142) = 134.4; P < 0.0001]. A similar effect on CHs was found in transgenic female flies (Fig. S2) .
To precisely assess the cells targeted by PRR(RE)-Gal4, the flies carrying this transgene were mated with flies carrying UAS-GFP: it clearly labeled dorsal and ventral oenocytes that have been implicated in pheromonal production (Fig. 4B ), but its expression was not detected in the central nervous system (Fig. S3) .
Next, we measured the desat1 RNAi effect on male ability to discriminate sex pheromones. Single transgenic tester males were simultaneously presented to control female and male target flies and their courtship index to each target measured (CIf and CIm, respectively) (Fig. 5A) . The comparison between CIf and CIm indicates the ability of males to discriminate sex pheromones (in wild-type Cs males: CIf >>> CIm ; t = 4.78; df = 76 ; P < 0.0001). Most transgenic lines showed such a high ability (t = 5.12-8.44; df = 86-96; P < 0.0001), with the exception of PRR (-1102)-Gal4 > UAS-desat1 RNAi males, which completely lost their ability to discriminate sex pheromones (CIf = CIm; t = 0.33; df = 102 ; P = not significant).
Because male pheromonal discrimination was strongly affected when desat1 down-regulation was targeted by PRR(-1102)- Gal4, we mapped the cells targeted by this transgene. In the brain of PRR(-1102)-Gal4 > UAS-GFP males, a group of neurons was targeted in the lateral side of ALs (Fig. 5B) . A careful observation revealed that some of these neurons arborize in the DA1 (dorsal) glomerulus, which is implicated in pheromonal perception (29) .
Discussion
We previously found that desat1 separately affects the two principal aspects of pheromonal communication: this pleiotropy phenomenon was related to the quantitative variation of distinct transcripts (9, 27) . Here, we showed that the separate control of sex-pheromone emission and reception depends on the effect of distinct putative regulatory regions targeting either nonneuronal cells necessary for pheromone biosynthesis or neurons involved in pheromone perception. If, in several moths species, the emergence of new olfactory signals depends on desaturase enzymes, their involvement in the reception of these signals has not been shown (30) . For exemple, in the European Corn Borer Ostrinia nubilalis, the system of pheromonal communication depends on factors segregating with different chromosomes and with distinct loci on the same autosome (12) . The pheromonal differences between O. nubilalis and Ostrinia furnacalis result from the activation of an ancestral desaturase gene in O. furnacalis-inactivated in all other Ostrinia species-combined with the presence of rare males able to respond to the new pheromone (31) . However, the effect of the ancestral desaturase gene in the ability of O. furnacalis males to respond to this new compound remains unknown, and this contrasts with the multiple pheromonal aspects controled by the desat1 gene in D. melanogaster.
In agreement with other studies (32-34), our data clearly pinpoint the role of oenocytes in the production of sex pheromones, and the additive effect-to a lesser extent-of other tissues on this process. The moderate effect induced by PRR (RA)-Gal4 > UAS-desat1 RNAi on pheromone production indicates that the PI exerts its action through a neurohormonal control, as suggested by other studies (9, (35) (36) (37) . The moderate changes in pheromone production induced by PRR(RC)-Gal4 > UAS-desat1 RNAi suggest that FB also contribute to CH synthesis, as previously hypothezised (33) . One of the primary functions of desat1 may be to regulate lipid metabolism in the fly (Fig. 1) . Bars represent the mean (± SEM) courtship index shown by individual 5-d-old control (Cs) and transgenic males to a target control female (empty bars) and to a target control male (filled bars). The discrimination ability of each male genotype was statistically assessed by the courtship index difference to both targets (Student t test; ***P < 0.001; ns = not significant; n = 32-54). only PRR(-1102)-Gal4 > UAS-desat1 RNAi males showed a strikingly altered pheromonal discrimination. Interestingly, this driver targeted the neural cells potentially involved in pheromonal perception and, more particularly, in the neurons housed by trichoid sensilla (43) , which project to a sexually dimorphic glomerulus (DA1) (44) ]. This glomerulus is implicated in the perception of cis-vaccenyl acetate (45, 46) , a male-specific volatile pheromone produced in the EjB (47), modulating sexual behavior (18, 29) . Both trichoid and basiconic sensilla could also respond to other sex pheromones (43, 48) , such as 7-T (a malepredominant CH) thought to be perceived by the antenna (49) .
Apart from pheromonal communication, the desat1 gene is also expressed in a variety of tissues modulating other aspects of reproduction such as the maturation of gametes (by testis, accessory glands, and ovaries), and their release by male (EjB) and female flies [PI (50) and accessory glands (51)]. Because some of desat1-positive tissues also produce sex signals [cis-vaccenyl acetate in the EjB (47); CHs in the oenocytes and FB (32-34) ; sex peptides in accessory glands (52)], a possible coevolutionary process may have shaped some desat1 regulatory regions to allow expression in chemosensory and brain neurons responsive to sex pheromones. Our next challenge will consist of precisely unraveling the function of desat1 in these neurons in relation with their role in pheromonal perception.
Materials and Methods
Strains. All D. melanogaster strains were raised on yeast/cornmeal/agar medium and kept at 24 ± 0.5°C with 65 ± 5% humidity on a 12-h light-dark cycle. To generate transgenic flies, all constructs were injected in w 1118 mutant strain embryos according to a standard procedure (53) . We used the Canton-S (Cs) strain as a control, the UAS-mCD8::GFP transgenic line (UAS-GFP) to visualize PRR(desat1)-Gal4 expression patterns (54) (Bloomington Stock Center), and three UAS-desat1-RNAi transgenic lines to knock down desat1 expression (VDRC; #33338, 47141, 47142; Data shown here were obtained with the #33338 line). Fly lines carrying these UAS-fusion transgenes were combined with those carrying PRR(desat1)-Gal4 transgenes established in our laboratory using standard techniques and genetic tools (55, 56) . To enhance the effects of the PRR(desat1)-Gal4 > UAS-desat1 RNAi system, the pheromonal and behavioral phenotypes were always measured in flies homozygous for both the PRR(desat1)-Gal4 drivers and the UASdesat1 RNAi reporter transgene. No pheromonal alteration was detected in parental flies homozygous for either of these transgenes.
Molecular Characterization of desat1 Transcripts. Total RNA was extracted from 30 5-d-old sexed flies using TRIzol (Invitrogen) following the manufacturer's protocol. RNA was subsequently treated with DNase I for 15 min at 37°C. The first strand cDNA was synthesized by SuperScript II RT enzyme (Invitrogen) for 50 min at 42°C from 1.5 μg RNA using primer oligo(dT) to characterize the different desat1 transcripts or a primer localized in the last exon for the 5′ RACE-PCR. Amplification products were ligated in pGEM-T (Promega) and maintained in Escherichia coli DH-5α cells. The positive clones analyzed by restriction were sequenced. Each analysis was repeated with three independent RNA biological extracts. The putative transcription start sites were identified as the first nucleotide immediately adjacent to the polynucleotide tail (for more details, see Tables S1 and S2).
Construction of GFP and Gal4 Fusion Vectors. The 6,908-bp DNA fragment containing the whole 5′ cis-regulatory region of the desat1 gene was amplified by Hot Start PCR reactions (20 cycles) from Cs genomic DNA (100 ng) using Platinium Taq DNA polymerase High Fidelity (Invitrogen). The amplification products were cloned in pGEM-T (Promega) and maintained in E. coli DH-5α cells. We selected a single clone without mutation, to serve as a template for the different constructs (pGEM-6908/+4).
To obtain the regulatory sequences used to build the plasmids, we used two alternative approaches (see Table S3 for details). Plasmids were named according to their exons and regulatory sequences: PRR(RA), PRR(RC), PRR (RE), PRR(RB), and PRR(RD). In some plasmids, the coding sequence of cytoplasmic eGFP contained in the KpnI-SpeI DNA fragment of the pGreen Pelican was replaced by the Gal4 coding sequence amplified by PCR from plasmid pPTGAL (57).
Hydrocarbons. CHs were extracted from 5-d-old intact individual flies by gas chromatography following a brief wash in hexane according to standard procedures (58) . Analyses were performed with a Varian CP3380 chromatograph, equipped with a Cp-sil 25-m capillary column with hydrogen as the carrier gas. All of the D. melanogaster predominant CHs have already been identified and characterized (20, 59) . We analyzed 24 CHs in female flies and 14 in male flies, all with a chain length ranging between 23 and 29 carbons (26) . Each CH was characterized by its percentage relatively to the sum of all CHs.
For the sake of clarity, we only show the sum of unsaturated CHs (Desat: 9-T + 7-T + 5-T + 9-P + 7-P + 5-P for males and with the 7,11-PD + 9,13-HD + 7,11-HD + 9,13-ND + 7,11-ND for female flies) and the sum of saturated linear CHs (Sat: n-C23 + n-C25 + n-C27 + n-C29). For Desat CH nomenclature, numbers indicate the position of double bonds and letters the compound name: T, tricosene; P, pentacosene; HD, heptacosadiene; ND, nonocosadiene. Saturated linear alkanes are named according to their carbon chain (e.g.: n-C23 is n-tricosane). To compare the ratio between the total levels of Desat and Sat CHs between genotypes, we used a one-way ANOVA normalized with a BoxCox transformation (optimized λ-value: 0.843 and 0.613 in males and females, respectively) with a Tukey-Kramer HSD post hoc test.
Behavior. The simultanous discrimination of single tester males was measured during a 5-min period 1 to 4 h after lights on. Tests were carried out under a dim red light (25 W with a Kodak Safe-light filter n°1) to remove all visual stimuli (60) and with two decapitated target flies (male vs. female) to remove acoustic and behavioral signals (61) . All flies were isolated 0-4 h after eclosion under CO 2 anesthesia. Tester male flies (i.e., the sexual responses of which to target flies were measured) were held individually in fresh glass food vials for 5 d before testing. Wild-type target flies were similary isolated and held in groups of five for the same period. All tests were performed at 24 ± 0.5°C with 65 ± 5% humidity. For each genotype, tests were performed over several days. Tester males were individually aspirated (without anesthesia) under a watch glass used as a courtship observation chamber (1.6 cm 3 ). After the 5-min period necessary for the male to habituate to the chamber, the two target flies were introduced and the observation period started. During the test, we precisely measured the total duration of male courtship expressed as the courtship index toward the target female (CIf) and the target male (CIm). Courtship index is the proportion of time that the male spends in active courtship (tapping, wing vibration, licking, and attempting copulation). To assess the male ability to discriminate the sex of target flies, individual CIms and CIfs were compared with a Student t test.
Histology. The expression patterns revealed by PRR(desat1)-GFP and PRR (desat1)-Gal4 > UAS-GFP flies were examined. No qualitative difference in the expression pattern was detected between PRR(desat1)-GFP and PRR (desat1)-Gal4 > UAS-GFP flies, provided that they contained the same desat1 fragment. Note that GFP expressed from the direct fusion PRR(desat1)-GFP transgene is cytoplasmic in contrast to that produced by the UAS-mCD8::GFP transgene driven by PRR(desat1)-Gal4. Moreover, because the pUAS vector (used to build the UAS-fusion transgenes) contained the hsp70 minimal promoter, PRR(desat1)-Gal4 > UAS-GFP did not show expression in the germ line (62) , contrary to direct fusion PRR(desat1)-GFP transgenes, which allowed us to visualize GFP expression in the gonads.
Brains were dissected out from 5-d-old flies in PBS and fixed with 4% PFA/ PBS for 1 h at room temperature. After several washes with 0.3% Triton-X100/ PBS (PBT), brains were blocked with normal goat serum (10% in PBT) overnight at room temperature and incubated for 72-96 h at 4°C with the primary antibodies. Mouse monoclonal anti-nc82 (1/10; Developmental Studies Hybridoma Bank) and rabbit polyclonal anti-GFP (1/1,000; Molecular Probes) were used as the primary antibodies. After washing in PBT, samples were incubated 48-72 h at 4°C in a mixture of secondary antibodies containing Alexa Fluor 633 goat anti-mouse IgG and Alexa Fluor 488 goat antirabbit IgG (1/400 each; Molecular Probes).
Abdominal tissues were dissected from the 5-d-old flies in PBS, and fixed with 4% PFA/PBS for 20 min at room temperature. After washing and blocking with normal goat serum (10% in PBT) for 12 h, the abdominal tissues were incubated for 24-48 h at 4°C with rabbit polyclonal anti-GFP (1/1,000; Molecular Probes). Following washes in PBT, tissus were stained with a solution containing Alexa Fluor 488 goat anti-rabbit IgG (1/500; Molecular Probes) and Texas Red-conjugated phalloidin (1/200; Molecular Probes).
Tissues were mounted in 80% (vol/vol) glycerol after four 30 min washes in PBT. Immunofluorescence was observed using a Leica TCS SP2 AOBS confocal microscope. Images were scanned at 1-μm section intervals and processed with Adobe Photoshop software.
